-t

/02/2010 08:53 FAX 614 484 B350 yssP NIISH  @oorseos

Coq8 2y emb/fm

53 Gay St.
I'v D R Y S Columbus, Ohio 4832(1.:-:‘.232
orys, Sater, Seymour and Pease LLP 614.464.6400 | www.vorys-com
gal Counsel Founded 1909 5
fa /9 /D)7
Date: December 1, 2010 12-02-2010 A11op—)09F]
TO: Katherine Norris | Fax No. 404-498-1575
of: CDC/ATSDR FOIA Office Tel No. 404-498-1580
FROM: Mariene A. Moore Direct Dial No. (614) 464-8309

Direct Fax No. (614) 7194878

Number of pages (including this sheet):

Dear Ms. Norris,

Please find attached a FOIA Request for documents in the possession of the National Institute
of Occupational Safety and Health which were obtained during their investigation of the
Goodyear St. Mary's Plant, St. Mary's Ohio.

Should you have any questions with regard to our request, please do not hesitate to contact
me at your earliest convenience at 614-464-8309. We hope to be able to expedite our request
and will cooperate by answering your questions or any matters of concern in a timely manner.

Marlene A. Moore
Paralegal

PRIVATE AND CONFIDENTIAL The sender intends to communicate the contents of this transmission only to the
person to whom it is addressed. This fransmission may contain information that is privileged, confidential or
otherwise exempt from disclosure under applicable law. If the recipient of this transmission is not the designated
recipient or the employee or agent responsible for delivering this transmission to the designated recipient, you are
hereby notified that any dissemination, distribution or copying of this communication is strictly prohibited. If you
have received this transmission in error, please notify us immediately by telephone [(614) 464-8309 collect], and
promptiy return the original transmission to us at the above address by mail. We will reimburse you for any costs
you may incur.

User ID Client Matter If you have any problems with
transmission, please call
8309 055429 000034 (614) 464-8309
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December 1, 2010

Center for Disease Control and Prevention
CDC/ATSDR/FOIA Office

ATTN: Katherine Norris, FOIA Office
MSD 54

1600 Clifton Road, NE

Atlanta, GA 30333

Dear Ms. Norris:

Pursuant to the Freedom of Information Act, 5 U.S.C. subsection 552, |
am hereby requesting all records and documents of any kind (inctuding all records,
information, or data stored on microfilm) in the possession of the National Institute of
Occupational Safety and Health (“NIOSH") which were obtained, referenced, used,
created, or assembled during the NIOSH investigation of the Goodyear Tire & Rubber
Company's St. Mary's, Ohio Plant Pliofilm Department (“St. Mary's"), including,
specifically the documents obtained during the 1970s studies conducted by NIOSH and
its representatives. This request includes any and all documents (Including microfilm
copies) utilized by NIOSH for their studies of the St. Mary's Plant, including all sampling,
monitoring, or process data and all documents listing or referencing any names or
identifying information for the St. Mary’s Plant employees that were blood tested on a
regular basis during the relevant time period. The request also includes memoranda,
reports, correspondence, summaries, analyses and notes prepared by NIOSH
representatives.

Columbus | Washingten | Clevelund | Cincinnati | Alexsndria | Akron | louston
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We also request a copy of any and all notes taken by NIOSH
representatives during meetings with representatives from the Goodyear Corporation
and all notes taken during visits to the St. Mary's Plant.

If there are any fees for searching for, reviewing, or copying the records,
please notify me before processing if the amount exceeds $2,500.00, To the extent that
the records we are requesting are stored on microfilm, please advise as to whether
representatives from our law firm are permitted to review the data at your facility.

If you deny all or any part of this request, please cite each specific
exemption that you think justifies your refusal to release the information and notify me of
appeal procedures available under the law.

If you have any questions with regard to the purpose of this request, you
may telephone me at (202) 467-8811 or you may telephone Ms. Marlene Moore, a
paralegal at the Vorys firm who is conducting our assembly of records, at (614) 464-
8309. Please also advise Ms. Moore by email at; mamoore 3.com or at her office
number when the documents or microfilm are ready for review.

Ve}y truly yours,

N LL ),

Joseph D. Lonardo

JDL/rbj

cc. Robert C. Mitchell, Esg.
F. Daniel Balmert, Esq.
Marlene Moore
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UNI" D) STATES ENVIRONMENTAL PROT TION AGENCY Gl a9
kesearch Triangle Park, North Caroiina 27711 -
SUBJECT: EPA Interest in NIOSH Benzene Studies DATE: 29 gcr 1976
FROM: Richard J. Johnson, Program Analyst 152‘
Strategies and Air Standards Division ¥ EPA
TO: Richard Hartle, Industrial Hygienist

Surveillance, Hazard Evaluation, and Field
Studies Division - NIOSH

As we discussed, several months ago our division identified benzene,
from among twenty-two high volume industrial chemicals which were
evaluated as potential air pollution problems, as a chemical requiring
a more detailed effort. The enclosed memo addresses some of the reasons
why benzene was selected and details a work plan for obtaining additional
information information on benzene. In general, we are interested in
your division's benzene investigations because we are concerned about
the potential problem to community health from exposure to ambient benzene
and the eventual need to regulate sources of atmospheric benzene emissions.
Your Division's epidemiologic studies into blood dyscrasias resulting
from occupational exposure to benzene may be of importance to EPA's
efforts in better understanding the significance of atmospheric benzene.
A1so, results from your Division's service station attendant exposure
study may be helpful to EPA in evaluating the importance of community
exposure to benzene from evaporative Tosses at service stations. This
source is one of several whose emissions may pose a potential problem
to community health.

Recently your agency recommended that benzene be labeled a "human
carcinogen" and recommended to the Department of Labor that the current
eight-hour occupational exposure standard for benzene be lowered by a
factor of ten. This recommendation and some preliminary monitoring
results for atmospheric benzene, have heightened EPA's interest in the
significance of ambient benzene.

With these reasons in mind, I would appreciate NIOSH's support in
keeping EPA informed of the studies indicated above as well as any other
benzene related activities. The information you have provided has been
very helpful to our efforts. Thank you for the cooperation you have
shown me thus far, I trust that some of my comments regarding additional
statistical analysis of your Division's service station attendant study
have been useful.

I lTook forward to our meeting on November 16.
Enclosure

cc: John O'Connof
Joseph Padgett

EPA Form 1320-6 (Rev. 6-72)



Research Tr1nndle Park, U-:Lh¢cdfé1iﬁﬁqé§%fi _
lenzena Action Plan . July 22, 1976

Richard Johnson, Progran Analyst
Pollutant Strategles Section

's
Joseph Padgett, Uirector
Strategies and Alr Standards Division

In response to a arcwing concorn for benzena's notential as a
carcinogen, a nunbar of Fodoral Agencies have recently initiated pro-
grams Tor obtaining additional information on benzene. In line with
these activities, the Pollutant Strategfes Section has boqun a progiam
to evaluate benzena as a potential cormunity atr pollution problen.
The purpose 'of this mairo 1s to outline the activitins of other Federal
Mgencies: roview our current knowledge regarding the health affects,
sources of benzene.and air quality levels; and propese a Program of
study aimed at assessing the conmunity air pollution significance of
benzane.

Petivities of Other Agencios

The Occupational Safety and liealth Ndministration (0SHA) has
recently inftiated a review of il currant occupational exposure
standards for banzena. These standards®, which vere recamronded by the
national Institute of Occupational safety and Health (HIOSH) in 1974,
ara baing reassessad as a rosult of increasing evidence and public
reaction to this evidence which indicatos chronic exposures to banzene
can predispose humans to loukemia.

In reviewing these standards OSHA wi1l maka a decision, probably
within six months, on whether op rot to label benzene as a carcinogen.
Should OSHA decida to label banzens as o carcinogen, then minimun
feasible occrmational standards will 11kely be proposed. The levels
of these standards viould bz Jdetermined in part by results from the
Inflationary Impact Statement. This economic analysis, which is being
prepared under contiact by ALD. Little, Inc, will 1tkely be available
for public cosment by Tate fall of this year,

As a part of this review, NIOSH has recently inftiated studies to
gain additional intallicence on worker axposures to benzene. ierhaps
the wost important of J10SI's activities are their scon to Lo conpleted
Tnvestigation into service station attendant exposures to benzene and
their recently initiatad nvestigetion into blood abnormalities of

0 ppm as an 8 hour time weignt averaga
25 ppin as a one hour average
50 ppm excursion limit




certain industrial workevs. Their scr-ice station attendant exposure
study, which will probably be completed Uy carly Sentember, is an attempt
to estimate service station attendant exposure lovels to bLenzone and
certain other pollutants (toluene, xylene, ethylene dibromide, tetrae-
thele lead, carbon monoxide). Their blood abnormalitios study, which

vas recently initlated at a plant manufacturing ariifical ruvber, involves

about a ona month effort of simultancously monitoring benzene concentra-
tions in the plant and drawing blood samples from a number of employees
who work in key arcas 1In the plant.

Eealth Effects

Humerous clinical investigations, using experimental animals, have
bean conducted to gain an understanding of potential adverse effects
from both acute and chronic benzena exposure. Several case histories
have been documonted of human occupational exposure effects to benzene.
Currently, no epidamiologic studies are known to exist which evaluate
ambient atmospheric benzene exposure offects in humans.

The most unique clinical aspect of chronic benzene inhalation is
hematopoietic (blood) system damage. Anemia, characterized by decreased
red blood cell count; thronbocytopenia, a reduction in platelet numbers;
Teukopenia, a depression of white blood call count; and low hemoglabin

concentrations are often exhibited in patients suffering from chronic
benzene inhalation.

The carcinogenic potential of chronic benzene exposure cannot be
conclusively established. flumerous articles have appeared in newspapers
wiich Tinked occupational hounzene exposure to lTeukemia induction 1in
humans. Significant chromosome aberrations have been showm to result
from chronic benzene fnhalation in both humans and other mamnals. These
aberraticns, which were still present saveral years after cessation of
exposure, may be indicative of leukemia induction since chromosoroe alter-
ations have been reported in natients with a history of banzene exposure
followed by diagnoses of leukemia. Howiever, no conclusive evidence
appears to exist from the numarous carcinogenic investigations which
have been conducted. That thnse Tnvestications, using experimental
animals, have not nroduced conclusive evidence, may be duc tn a number
of factors; lack of proper exnerimental controls, statistically non-
significant data, or parallel occurrence of leukemia in control groups.

In addition to these considerations, because benzene's potential
as a human carcinogen has been establishied through case studies only
and because experliments using animals have not conclusively established
carcinogenicity, other factors have been suggested to explain this
apparent lack of consistent findings. Since case studies are not
controlled experiments, the probability is high that other alr pol-
Tutants wera present in the occupational environments, which could




have conmhined with benzene to produce - caveinoaenie mixture (syner-

glstic effoct). Some animal studies, involving benzol (benzane, toleune,

Cand xylene), exist which support this hypothesis. Sccond, there exists
tha possibility that benzene may be a human carcinogen and not also

produce Teukemia in animais. A number of physicological reasons could

be advanced to sunport this possibility. Perhaps the fact that the

amino acid structurse, of man, which 1s different from any other wammal,
may be one of the more important yeasons.

sources_and Enissions

The major class of benzene emissions are most 11kely thosc manmade
sources which enit benzene directly (primary sources) to the atmosphere.
While 1t is doubtful that theve exists any significant natural sources
of benzene, some questions exist as to whether or not secondary for-
mation--tha dagradation or reaction of other compounds in the atmsophere
to form benzene--is a significant source of ambient benzene levels.

The major categories of primary manmade benzene arce: gasoline
evaporation, automotive sources, benzene preduction, bonzene censumption,
and coke oven onerations. Meecise emission estimates of the annual
levels of each of these source categories are not known. In the "Afr
Pollution Assessment of Denzena" by the Hitre Corporation, estimates

have been made of the 1971 emission levels (Table 1) for each of these
source categories.

Table 1

Estinates of 1971 Benzene Emissions

Empissions Percent

Source Cateqory (x 19" Ibs/year) Contribution
Automotive Sources ' 840 50
Benzene Consumption : 658 '35
Coke Oven Operations . 122 7
Benzene Praduction 03 5
Gasolina Evaporation 53 3

TOTAL | | 1862 100

The estimate for the Targest of these--automative exhaust--has
probably axperienced the greatest change. With the increasing use of
the catalytic converter, considerable decrcase could be expected fin
benzene emissions from automobiles; howaver, as a result of gasoline

“reformulation due to lead phase down, scme incrcase may again occur




In benzene emissions.  Petter informiat on i needed on the curvent and
anticipated levels of benzono emisaios: from automobiles and mabile
sources in goneral.

In addition to the need for more accurate data regarding automotiva
emissions, additional Information is needad to gain a better understanding
.0f the current and future impact of other sources of benzene emissions.
Hith the excention df automotive exhaust and gasoline cvaporation, mnst
of the emissions from the othep cateqorics are qenerally locatod in
fairly spacific reatons of the Y. S. -

Hith respect to Lenzene consuption, which accounts Tor roughly 357
of the estimated total 1971 bearene emissions, some data are currently
available. A1l of these emissions are postulated to occur at chemical
manufacturing plants, where benzene 1s used as an intermaediate in the
production of ather chomicals. In the {itre report on Denzene, "upper
Timit" (probable maximum) estimates aro presented of the amount of
benzene 1o0ss during Lhe manufacture of the largest nine chemicals, which
use benzene as an dntermadiate (Table 2¥.

Table 2
Upper Limit of the Amount of Bonzone Lost From Ryproduct
' lanufacturing Facilities 1n 1971
~ (Benzene Consumption)

100% Minus  Mwount of Lenzene

ByProduct, fanzone Consweption % Yield®  Unaccounted for
[ ) \
(10" 1bs) (% of Total) (10° 1bs)
EthyTlbenzene 3709 A4 3 111
Phenol 1510 19 18 290
Cyclohexana 1311 15 0 0
Haleic Anhydride 225 4 43 140
Detergent Alkylatoe 323 4 20 G5
Aniline 297 3 7 21
Dichlorcbanzene %4 1 15 14
DDT A3 1 40 17
Other Honfual Uses 676 3 - -
nha

Source: Benzene Envircnmental sources of Contamlnation, Awbiont

Levels, and late, Life Sciences Division, Syracuse University

Research Corporation, 1974.

*The yieTds used are for cverall vields to the varicus by-products. Somo
of these processes (c.g., phenol) are more than ono step and, theorefore,
the Tosses may be not only benzene but also the intermediate compounds
(e.g., chlorobanzena or cumcna with phenol production).
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“As can be seon from the table, over 10% of the benzene loss from
these facilities occurs at phenol wanufaciuring plants. At least 20% of

“benzene 1s lost in the manufacture of maleic anhydride, which was recently

assessed as a potential air pollution problem under our contract with
GCA. Tore detafled information 1s needed regarding levels of benzene
emisstons at spocific manufacturing sites. Information is needed on
the current levels of control at these sites as well as feasible levels
of control using existing technoloay. BData are alzo necded on the
growth trends of the production of thoese chemicals as vell as some
estinates of future shifts in the distribution of these manufacturing
plants. ‘

Coke oven operations, which constitute an estimated 7% of the total
1971 benzene emissions, are falrly svecifically located. Host of these
operations are located in Alabama, I11inois, Indiana, Ohio and Pennsyl-
vania. Because the method used to develop this emission estimate is
crude, better data are nceded on benzene emissions from coke ovens.
Information is needed vrecarding the levels of benzene emitted from coke
oven operations employing different types of processes and controls as
well as gengraphic locations of these operations. These specific esti-
mates can input to diffusion modelling to provide estimates of ambient

‘benzene Tevels in the vicintty of specific coke oven operations.

Renzene production facilities, which amounted to ahout 5% of the
1971 total estimated Lenzene emissions, are concentrated to some extent
in Texas and Loulsana. About 56% of the benzene emitted from benzene
production occurrs 1n Texas and Lowisiana with over 507 of the benzene
production facilitics also located in these two states. About 40% of
the 1971 total Lenzene emissions occurred in Texas alone, with nost of
these emissions occurring in three counties; Jefferson, larris, and
Nueces. In addition to these considerations, about 25% of the national
total of benzene emitted from the production of benzena occurred at the
five largest benzene production facilities, four of which are Tocated in
Texas and one locatad 1n Louisana. Air quality data and (or) dispersion
modelling data are noaded in the vicinity of these facilities and perhaps
in several locations in each of the three counties in Texas. Ewissions
testing about some of the laraest plants are also suggested. Informa-
tion on current levels of control and feasible levels of control using
current technology are needed. :

Jenzeno emissions from casoline evaporation, which constitutes an
estimates 3% of the total 1971 benzome emlssion, are probably distri-
buted uniformily on national basis with population density. Recent
information indicate that the benzene content in gasoline, while varying
somevhat both @ reqgionally and # seasanally, 1s roughly 3% by voluma.
WMith the scheduled tiplementation of gasoline marketing controls in

“some 15 AQCR's, benzene emlssions from gasoline evaporation will Tikely

be considerably reduced 1n thase AQCR's, In addition to these considera-
tions, tho HIOSH scrvice station attendant cxposure investigations

will provide some insight regarding ambicnt benzeno levels about gasoline
stations. This inforration will be useful in evaluating the significance
of service stations as sources of benzene emissions.
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Although Tittle data are available on ambient benzene concentrations,
considerable data are becoming available which confiym the presence of
benzene at most sampling sites. Qualitiatively, benzene has been detected
In tha atmosphere of most sites sampled throughout the United States.
ORD, through a contract with Research Triangle Institute (RTI). has been

and w111 continue ta sample qualitatively for benzene in many urban

and industrial atmospheres thraughout tha U. S. ORD has recently bequn

. to sample quantitatively for benzene.  Some of the quantitative data,

not yet validated, are presanted in Table 3.

Location | Concentration (ppm)**
Edison, leow Jersey™ (0.25 miles downmsind) 0.43

Edison, Hew Jnrsnyﬁ(] mile upwind) 0.06

Edison, tew Jersay (within dusn area) 9,28

Edison, Hew Jerscy (unwind)  trace
Edison, New Jersey | 0.004

Belle, West Virginia ' - 0.06-0.28

*At a land 111 wiere wastes Trom chemical processos are being dumped.

**hveraging time of rcughly ona-half to two hours

Proposed Program

In the previous paragraphs, activities of other federal agencies
cancerning banzene ware discussed, available information nhecessary to
evaluating atmospheric Lenzeno as a potential air pollution problem
vere also discussed, as well as gaps in the current body of information.

In the following parographs a program with estimates of resourco require-
ments 1s proposod ta {111 these information gaps; thus, providing a
rcasonably complete <database to assess benzena as a potential atvr pollution
problen.

1. Follow the activities of other federal agencies.

Maintain ciose contact with key OSIA personnel who are involved in

re-evaluating the current OSPA standards and requiremants of this standard

(new standards 1ikely to ba pronosecd by December). Track closely the
HIOSH investigations currently undervay. VWhen data are avallable from
both NIOSH health studies and thelr investigation of service station




attendant exposures to benzena, probeiy by mid-September, arrange

a mutual meceting with NIOSH personnel and OSHA staff involved in cach
of these investigations. Urite-up summaries of these activities as
they occur. Integrate key elemoents of these summaries into overall
benzene assessment paper. 40 manhours

2. lorl with 0TS to develop a database for evaluating potential

population exposure effects of atmospheric benzene.

Through OTS's contract work with System Sciences Incorporated (SSI).
who are developing a database to investigate relationshins between
disease specific mortallty rates and community exposuras to industrial
effluents and enlssions, investigate the pessible ralationship between
blood dlscase mortalities, which chronic benzene cxposure can induce,
and those U. S. countries where banzene emissions would Lo expected to
~be highest (i.e., countries wiere large benzene production/consumption

facilities or numefous coke oven oparations are located). This wvork
could be done by SSI staff. The aporovals have been cleared for SSI to
develon this information. However, because the methodology used to
devalop this information could be adonted to other vollutants Tor which
the Pollutant Strategies Socction may have some future concern, by using
in-house personnel, in-house expertisa could be developed which could be
applied to other pollutants. To follow this appreoach would require a
thorough knowledga of the SSI database (which would probably require a
trip to 5SSI), access to the S3I database (which should Le completed and
debugged by mid-September), and cemputer time.

Recause of the potential for future use of the SSI database and the
possibility of integrating this database with other databases such as
HEDS and certaln toxicity databases currently boeing developed, the
approach of using Pollutant Strateqies staff 1s recommended over the use
of SSI personnel. The benzene analysis including write-up would 1ikely
take about two weeks and would probably be able to be started around
nid-Sentember, 80 manhours

3, Bettor characterization of benzene cmissions.

Additional information are needed Lo better understand the sources
of benzene cmissions. This information, vhich could be obtained on con-
tract, through a tashk order, would include vreasonably accurate current
emission estimates ¥or the various specific sources of henzene emissions,
current levels of control of benzene emissions about these sources,
feasible level of control for theso sources, growth trends, and geo-
graphic locations and geographic shifts. This work can be initiated,
once the SASD contract 1s awarded - perhaps Jduly 31.

320 manhours (contract)

In addition to this data, information is nceded on the amount of
ambient benzene wihich results from sccondary formation. Data are nceded
on emissions of compounds which degrade or react in the atmospherc to




form benzene. Also, some efforts shonld La devotnd to datermining if
natural resources are a signliicant sourco of ambient Lenzene. This
work could be done through In-house staff comaunicating with scientists
wito are experts in this field and could be inftiated immediately.

32 manhours

4, Obtain additional air qua1jty data.

The current database of arbient henzene concentrations is l1imited.
Additional data are belng cbtained by ORD bath through their Environmanta)
Sciences Research Laboratory (£SRL) and their Industrtal Environmental
Rescarch Laboratory (IERL). Through contracts which both of these
laboratories currently have, they can obtain additional ambient b nzene
concentrations. Closce contact should bo estabiished with Tahoratory
personnel invelved in cach of these contracts toward providing input in
planning future monitoring locations. Soma praliminary contacis have
already been establjshed with koy personnel in each of these laboratories.

In addition to thase efforts, 0TS is in the process of daveloping a
list of sites to monitor benzene. Through a contract 0TS has with
Battelln, ambient benzeone concentrations will be obtained about some 20 -
to 30 designated sitas. SASD has bean vequested to provide input to
selection of these iL-J. Some input with respect to benzene proﬂuction

facilitios has already been provided. 60 manhours
5, Prellminary Air Po?lutlon Assessment Report

Once information has been ohf'in‘d frem cach of the above program
clements, a thorough assessment, which would evaluate the potential for
benzene as an air pollution prcb]om, can be made. 120 manhours
Enclosure

cc{ J. 0'Connor
M. Jdones

SASD:SCI\B: PSS:RJohnson:taa: Q47 :H4CHu: x501:7/22/76
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Proposed Tasks fer Obtaining Information

4

to Assess Benzene as an Air Pollution Problom

lMaintain contact with OSHA personnel

Track closely HIOSIT investigations

Characterize benzene emissions

Work with 0TS to develop health offects database
for ambient benzenc exposure

icel Wilic WIOGH and O3HA porsonne] to discuss
data from K105H investigation

.
It

Obtain additional air quality data

Hrite preliminary air pollution assessment
report

Date
(Start  Complete)
(now - 1/31/77)
(now - 10/1/76)
(8/15/76 - 10/15/75
(9/15/76 - 9/30/76)

i e e
\UL‘ULIL I
(continuing)

(11/15/76 - 12/10/7
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SUMMARY AND CONCLUSIONS

This report presents the research findings on benzene
toxicity relevant for assessing human health risks at en-
be drawn from this report are:

©7 Benzélie_exposiite by inhalation and other exposure
routes is strongly implicated iifﬁhiééfﬁﬁﬁﬁélﬁ@iﬁﬁlﬁ@ﬁﬁéQ%

£7'fions; that may be of public health concern at environmental

exposure levels:

1) £ Teukemial especially acute myelogenous leukemia

2)g- pancytopenid’ (including aplastic anemia)

3) {chIombsomal; aberrations:

2. The epidemiological data, from occupational ex-
posure studies, argue convincingly that benzene is a human
leukemogen. The exposure data in these stgdies do not allow
a scientific derivation of a dose-response curve. Most
studies in which exposure levels were determined involved
exposures in the range of 100 to 500 ppm, though in some the
benzene concentrations were lower.

3. The data do not indicate that any population seg-

ment is particularly susceptible.



4, Currently there is no convincing evidence that
benzene causes neoplasias, including leukemia, in animals.
Failure to induce leukemia in animals could be due to an as-
yet-unknown cocarcinogen required to evoke the leukemogenic
response initiated by benzene.

5. Hematotoxicity, particularly pancytopenia, has been
observed in both humans and animals, following exposure to
benzene. The toxicity does not follow exposure to other
compounds such as toluene and xylene commonly associated
with benzene environmentally.

6. Humans who develop hematologic abnormalities due to
benzene exposure have a greatly increased probability of
developing leukemia and aplastic anemia, a finding con-
sistent with the thesis that benzene is leukemogenic.

7. Long-term occupational exposures of workers to
benzene at levels &5 low as 20 Ppm _but generally at levels

greater than 100 ppn&h@vé“?épuiﬁqﬁfigggggig&s*sigﬁgloi

¢hematotoxicitymy
8. Two effects, as yet unconfirmed, of potential
significance have been reported at occupational exposure
leveldof 37to 15 ppimr The effects are 1) an increase in
red blood cell levels of deltaaminolevulinic acid, a
precursor in tfe-meme biosyntheticgpathway, and 2) a de-

crease in the mean serum complement of the blood.



9. Available data from studies where measurements
ranged from 25 to 150 ppm strongly suggest that chromosome
breakage and rearrangement can result from chronic exposure
to benzene. These aberrations have been observed to persist
in lymphoid and hematopoietic cells after removal from
benzene exposure. Since a favored mechanism for leukemia
development is{sSomatic fiftation, the persistence of chro-
mosomal aberrations, coupled with clinical observations of
chromosomal abnormalities in human leukemic cells, support
the thesis that benzene is a leukemogen. A dose-response
relationship has not been demonstrated for benzene-induced
chromosome aberrations. This lack may result from varia-
tions in individual susceptibility.

.10, “Bénzene_toXicity Probably occurs via g toxic metab=

folites
B il In anlmaistbenzene “accumulates” in 1ip oid tissugg

t such as fat _and bone mar _marrow, fand } benzene .metabolites con=;

P e S

{centrate in the liver and boné marrow. & The concentration of:

fmetabolites in the bone Marrow exceeds. That-in:the 51604

e T i L i

12. The accumulation of benzene metabolites in bone
marrow along with the coincidental covalent bonding of
benzene to solid residues of bone mar~ow is consistent with
a phenomenon of toxico- and carcinogenesis shared by many

other chemicals.



SECTION 1

£ INTRODUCTTONT

There is substantial evidence that concentrations of
benzene encountered in the work place (in the United States

and elsewhere) have caused diseases of the blood and bone
marrow in general (e.g., blood dyscrasia, pancytopenia) and
leukemia in particular (especially acute myelogenous leuke-
mia) . Secause current policy..of the Environmental Protecs
£l Agency {EPA) states that there 1§TWo zéro. riskK Tewelr

o s e PT— e,

aﬁ%‘:fiiﬁ}ﬁéﬁél’fﬁ'e"ﬁiene “has been-1isted by EPA under SEC:

§7Eion 112 of the.Cléan Ai¥ AcCt as.a .hazardous..air.pallutant-

%A an aid in deternining what Tegulatoryraction Wi

RO fEAken By _ERAion berzenie; tHYee ¥ EporiahiVe

€ Deen prepareds

$- T health éffectsTassessment it

s

FTSETaSSessment basad oOn the data an-the

§ 540 assessment

This report is the health effects assessment; it is

largely a review and evaluation of the scientific literature

relevant to determining the human health effects of environ-



mental exposures to benzene. Most of what is known con-
cerning the effects of benzene on human health has been
learned by studies of persons exposed to benzene in the
workplace. Virtually no information is available that

describes the health effects of nonoccupational exposures of

the general populace to benzene. ‘Qp;_gvaluatlon ofmpdtegﬁz

itial environméental: tal health effectsy ‘then, musf be :based upon:

T

Lwhat wWe_ know sofathe™ Techanisms™ of benzene tox1c1ty and -itss

Ty N i aaw

Ulgenetic i lmpllcat1on5“and-ofﬂthe ~&ffects of" benzene :on - ?niﬁﬁig
“ggghgg;hgmapﬁbeingsu; This report is structured accordingly.
Section 2 introduces some of the major biomedical

concepts that are pertinent to assessment of the health
effects of benzene. Following a brief discussion of benzene
metabolism in animals and in humans, the cytogenetic effects

of benzene are considered, particularly its effects on

chromosomes,

éﬁﬁ{ﬁﬁgﬁ;ggmgylonﬁhf the Teport - deals. with, ~assessmentsy
!of"BEEEEh&:lo;;01ty in"animals” (Sectiohn - 3y an&'iﬁ“man‘jg@ﬁ““
$ tion"8)% These latter analyses focus on two forms of ben-
JERES
diminution of A1 formed & “elemenhts In tHe B156&, and 2)

B i

zene-induced disorders: 1)4?5ﬁ3§§3§£giai;defined¢a

tleukemia, defihed 5§ Ja_proliferation zand:; accumulathon Ofz

ety

g matlre and- d- immatiure wWhite blood celis: Ileﬁk“‘xxési-ln*biagai

§ T and/0Y TN HONETMATIOW, leading to the impairment of normal

function.



SECTION 2

BENZENE METABOLISM AND CYTOGENETIC EFFECTS

BENZENE METABOLISM

Metabolism in Animals

{ Most of “thé benzene that _entérs_the body is eXcreteds

Cia e

{Via the 1ngs in exhaled air='%? study of the distribution

of benzene and its metabolites in animal organs shows that
free benzene accumulates in lipoid'tissue such as fat and
one marrow. High concentrations of benzene metabolites can
be observed in liver tissue and in bone marrow. It is

particularly significant that ¢hé” “Concentration ‘of ‘me¥abo-

- T

[iites in boné marrow exceeds that-in bloodI> Repetitive
administration of benzene leads to accumulation of both

benzene and its metabolites in these organs and to Ganaiéﬁfﬁ

L binding of "benzene metabolites. to liver and to to solid_ fes iz
53

i e o 2 e

——

g”aues in_bone. marrow

The metabolic pathway of benzene in liver is shown in
Figure 1.54 The initial step appears to be a reaction
mediated by the mixed-function oxidase.l3 This enzyme is
inducible, so that pretreatment with benzene, phenobarbital,

or 3-methylcholanthrene can increase the rate of benzene
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metabolism.l3'44'51 The direct product of the interaction

of benzene with mixed-function oxidase is probably an arene
oxide that is highly reactive. It can spontaneously re-
arrange to form phenol, undergo enzymatic hydration followed
by dehydrogenation to form catechol or a glutathione deriva-
tive (phenylmefcapturic acid) , or bind covalently with
cellular macromolecules. Formation of hydroquinone or of
trihydroxylated compounds probably is the result of several
reactions with hydroxylating enzymes.

BEhzene Metabolish in MaTy

Most metabolic studies of benzene in man have been
concerned either with uptake and excretion of unchanged
benzene via the breath or with measurements of benzene
metabolites in urine. Nomiyama and Nomiyama40 exposed
volunteers to a series of solvent vapors and found that
among six subjects exposed to benzene at 52 to 62 ppm for 4
hours, retention of benzene in the respiratory system de-
creased and then became cohgtant after 3 hours at 30.2
percent of the inspired dose. There was no distinction
attributable to sex of the subjects. Excretion, as measured
in exhaled air after removing the subject from the benzene-
laden atmosphere, was about 16.8 percent. Net uptake, i.e.

the sum of uptake and excretion, was 46.9 percent. These



author339 went on to show that when the logarithm of the
benzene concentration in expired air was plotted against
time, the excretion pattern described a hyperbole that could
be expressed mathematically and that yielded three rate con-
stants to describe the phenomenon. The subjects continued
to excrete benzene in the exhaled air for as long as 15
hours. Hunter,18 in studies of people exposed to 100 ppm
benzene, detected benzene in the expired air 24 hours later.
He suggested that measurements of benzene in expired air
could be used to estimate benzene content of the inspired
air by extrapolation.

Phenol content of the urine is often measured after
benzene exposure. Maximum concentrations are thought to
occur within 2 hours after exposure.18 ﬁThemfjgt,’tmam

a1 vl
LEGEM appears to he ethefeal Sulfate until-phenoiTEVels of3

§the Urine réach 400 mg/liter; atiwhich point-glucuronids

tBegins~to-appears &

Teisinger et al,

21 who exposed humans to benzene at 100

ppm for 5 hours, reported that 46 percent of the dose was
retained. Of that amount, 61 percent was recovered as
phenol, 6.3 percent as catechol, and 2.4 percent as hydro-
quinone. In these stuaies the majo: monohydroxylated metab-
olite and the two major dihydroxylated metabolites observed
by Parke and Williams42 in rabbits were also observed in

man.



CRelationship Of Bénzéne Métabolism to Benzené TOXiCity

ﬁifhcEfﬁgEiélgnéiﬂiliiﬁﬁé4%fsuggeﬁggdfizimﬁ
U metabolite of benzene is responsible for bénzene toXicity,

PR -

(Evidence. o SUPPOrt that hypothesis hag mounted. Nomiyama®’

demonstrated that inhibition of benzene metabolism protected
rats against benzene-induced leukopenia. Andrews3 reported
that when benzene metabolism was inhibited with toluene the
subjects were protected against benzene-induced reduction of
red cell production. Animals have been protected against
benzene toxicity when pretreated with phenobarbital,lo'20
probably because phenobarbital stimulates benzene metabolism
I 'in liver, which leads to detoxification and thereby reduces
the amount of benzene available for formation of the toxic
agent in bone marrow. {THE SPe¢ific metabolite that produces”

T benzene tOXiCity has not yet been-identified, butrlikelyr

i candidates ar€ benzene; oxide;  catechol,: : and_hydrogainone,. or._~

i A it b e

| the COrresponding semiquinones>
The demonstration that reduction of red cell count dur-
ing benzene treatment is accompanied by accumulation of
benzené'metabolites in marrow and coincidental covalent
binding of benzene to solid residues of marrow53 suggests a
phenomenon in toxico- and carcinogenesis shared by a variety
of other chemicals, such as acetaminophen,23 bromobenzene,e4

. 2
hydrazine derivatives,32 parath10n,35 and many others. 2

10



Although further studies are required to prove the
hypothesis, it seems likely that benzene, like many other

chemicals, exerts its tcxicity by formation of a toxic

metabolite,. .

11
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EYTOGENETIC EEFECTSS
Concegts

Mutagens and Carcinogens - Benzene is believed to

affect chromosomes, and chromosomal aberrations have been
sought as indications of a biologic response to benzene for
logical reasons. Somatic mutation has long been accepted as
a critical event in the initiation or maintenance of malig-
nant change, although the concept is not unchallenged.

Focus on sites of genetic damage is based partly on observa-
tions of the prolonged delay from the time of exposure to a
carcinogen until the advent of malignancy, such delay being

consistent with perpetuation of the original damage in the

genetic system. (FUEEHer, Tany . 1ines 6f &évidencé indicate

dhat _most; ifr not aldy-carcinogens-are mutagensi

P ST

Rapid, convenient, accurate, and inexpensive systems
for mutagen testing are available for evaluation of point
mutations in prokaryotic cells;l nevertheless, the assess-
ment of damage to mammalian chromosomes is probably more
directly relevant to estimations of human health hazards
from mutagens. If a cell shows sufficient chromosome altera-
tion that further cell division is interrupted, then from a
reproductive point of view that cell is drad and the damage
is toxic. 1If, on the other hand, the chromosome alteration

does not interfere with cell division and can be replicated,

i8



then it constitutes a mutation, a structural change in the

QenomeT that presumably alters cell function. ALY OmMOSomals

Cbreaks. which may e repaired; ATe NG MULATIORAT STeREETIT 53

{:ﬁhelgéﬁgg;g;fBEiﬁE:EEEfEEEEﬁ; However, each occurrence

increases_the probability of formation of a structural

aberration and therefore of a mutation.
Investigations aimed at evaluating effects of benzene
have appropriately concentrated on changes in cell nuclei,

---

metabolism of ﬁgpi?fiﬁ%ﬁﬁﬁlﬁiﬁﬁ?ﬁiﬁ:fﬁﬁi?, cell division,
and chromosome alterations. all these constitute direct
measures of changes in quantity, structure, organization, or
function of the cellular DNA. Moreover, some of these
changes are heritable and imply permanent changes in the
genome of the affected cell.

g, [

{ClastﬁgéﬁS“apd*MitOfit”PQ;soﬁ§:— The use of chromosome

studies to monitor possible environmental mutagens should
not be limited to evaluations of chromosome-breaking or
"clastogenic" effects on cells arrested in metaphase. If
the cells are analyzed without conventional pretreatment
with mitosis-arresting agents or hypotonic solutions, abnor-
malities in thg anaphase can be identified. These include
multipolar mitoses, imperfect or unc.jual separation of
chromosomes, and bridges interfering with reconstitution of

the daughter nuclei. Some abnormalities may be detectable

w

=



only in cells recovering from the effects of a chemical.
During exposure the affected cells may be totally blocked
from entering mitosis. Thus, in evaluating the potential
action of a chemical as a chromosomal mutagen the investiga-
tor must look for both clastogenic and antimitotic effects.
The latter may be especially important in chemicals that do

not induce HOift MUEAEIONER

The effectiveness of benzene as a mitotic poison has
been amply demonstrated. Decrease in DNA synthesis has
occurred in cultured human cells® 4 and in bone marrow of
rats and rabbits after treatment in 3339.5_10 The total
- numbers of nucleated cells, and, in some cases, the mitotic
indices have declined. 1Inhibition of cell proliferation has
been shown mbst often by decrease in uptake of radioactive-
labelled thymidine, a DNA precursor. Although these may not
be the most sensitive of indices, they are clearly and
directly relevant to cell survival and reproductive fitness.
Furthermore, both numerical and structural chromosome aber-
rations have been described that could be interpreted as
either toxic or mutational damage. These include loss or
gain of parts of chromosomes, whole chfomosomes, or chro-
mosome sets, in addition to exchanges tha* result in mor pho-

logically aberrant chromosomes.

20
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{Anaphase §tudies-on human cells have 1ot yet been

© reported but are-under -way in_several laboratorig€si Morishima

and his colleagues have described appropriate conditions for

testing human material.ll

sy P

(ﬁ?%bgenetlc Aberrations. in LeuKemiag - The asstmption.that-y

-w-v*ﬂ-v-—v

fclifomosomai mutation is “eticlogically. important.in-thel

et e

{ development of leukemia has Béen. n strengthened by observas

Sl o Bl i i s e o

Lﬁ10ﬁ§“ of abnormalitie€s in “human_leukemic-cellsy The close
W

association of the Ph1 translocation with chronic myelog-

12:13

enous leukemia is well-known, and specific chromosomal

abnormalities have been reported with other forms of leuke-
mia. 471® These abnormalities appear to be specific to each
disease entity, confined to the leukemic cells, and clonal
t;i&ﬁdlcatlng ‘a probable” “single=¢ell origin)i. Therefore, it
is clearly important to investigate the actions of potential
leukemogens with particular emphasis on their ability to
cause site-specific chromosomal lesions. It is, however,
even more likely that the initial damage caused by most
carcinogens is nonsﬁecific, caﬁsing a genetically more
variable population of cells. This, in turn, increases the

probability that an abnormal proliferative state will arise

(or be selected).

{Cytogenetic StUdies Of ANiNaisy

studies of benzene effects have been conducted in many

species, including rats, mice, rabbits, and newts. These
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studies have included wholec-animal exposures and effects of
benzene on cells in vitro; they have been based on either

B e e

acute or chronic and repeated exposures. {The. resuiltseoLs

{gﬁghﬁgﬁggiég;aréfdifficnltftdwévaluate_since;theyrdiffeﬁtﬁﬁf

{only im the biologic end=point chosen; bt a158 10  spacices

(routes of "administration;~and doSaGE:l Since few of the

studies have iﬁvolved inhalation exposure, their relevance
to problems of human diseaée may be questioned.

Unpublished studies by Wolman et al evaluated chro-
mosomal findings in rats chronically exposed to 300 or 100
ppm benzene. Within 10 weeks there was a striking and
persistent increase in chromosome breaks and aneuploidy
(deviation from the normal diploid chromosome number) in the
bone marrow of treated (300 ppm) animals. The increase
following 100 ppm exposure was not as great and not of clear
statistical significance.

Increased chromosome breakage in several species has
been reported. Rats exposed to benzene subcutaneously over
a period of 12 days showed highly significant increases in
chromosome aberrations of bone marrow cells over untreated
and toluene-treated controls.17 Classification of both gaps
and breaks as aberrations complicates interpretation of
these findings (since gap rates vary more with the inter-

preter and with preparation) and inflates the aberration
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rate. Tor cxample, although significant incrcascs in aber-
rations were also found in the toluene-treated controls in
this study, the benzene-treated group was the only one in

which breaks were more common than gaps as aberrations.

e el

Exchange” £igures such-as might résul¥. From ABACIHAl" TEpairy

after_breakage-(iier ring £51ma; Eranslocations, and dizs

f.CentriCs) “were ra¥E€ly SEEf. Another, more acute exposure
(2.0 ml benzene/kg body weight for 12 to 72 hours) in rats
produced similar findings.l8 Increased numbers of chromatid
breaks were found at almobt every exposure interval, al-
though the responses of individual animals varied consid-
erably. Chronic exposure to injection of 0.2 mg/kg per day
in rabbits (up to 18 weeks of treatment) also resulted in a
high frequency of aberrations; since less than 15 percent of
the aberrations reported were breaks, the significaﬁce of
this studyg is not established. Again, exchange figures,
dicentrics, and hyperploid cells were rare. In each of
these animal-exposure studies only a single dosage of
benzene was used. Thus, although different exposure times
in different species can induce increases in chromosome
aberrations, there is no clear evidence for a dose-dependent
response to benzene exposure. Furttermore, none of these
studies presents data suggestive of mutational rather than

toxic damage. Very few experiments have addressed the
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question of direct interference with benzene-induced abnor-
malities and possible therapeutic routes.
Studies of dividing erythroblasts taken from the am-

phibian newt (Molge vulgaris E_)19,20 are of particular

interest because of their demonstration of anaphase abnor-
malities. Young animals injected with water-saturated
solutions of benzene were bled 6 to 12 hours later and a
drop of tail blood was used for coverslip culture. At the
time of sampling, 38 percent of mitoses were arrested in
late metaphase. Another 28 percent showed evident anaphase
abnormalities, of which 20 percent were migration arrests, 3
percent were anomalies of numerical distribution, and 3
percent were anaphase bridges. The remaining 2 percent
showed small subgroups of chromosome condensations outside
the two poles of the newly forming nuclei. Observations
over several hours showed that these mitotic abnormalities
resulted in unequal nuclear divisions, polynucleated cells,
and atypical nuclei. Prophase and early metaphase anomalies
were never found at the doses used in these studies'(up to
54 mg of benzene per animal).

Cytogenetic Studies of Man

Experiments - A few experimental observations have been
made on the responses of cultured human cells to addition of

benzene to the culture medium, Increased incidence of
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breaks and gaps was observed in leukocytes (white blood
cells) and cancerous cells after brief exposure to 1.1 or
2a2 X 10—3 M benzene in 3£E£9.2-4 At the higher dose a
decrease in DNA synthesis interfered with clear correlation
of dose to the incidence of breaks. These findings were
considered to be toxic damage. Another experiment21 in
which peripheral blood lymphocytes stimulated by phytohemag-
glutinin (PHA) were exposed to benzene during 72-hour cul-
ture revealed both numerical and structural alterations in
the treated cells; Aneuploidy was seven times more frequent
in the treated populations than in controls, and chromosome
breakage was seen in 11 percent of the treated cells as

compared with 1 percent in the controls.

Chromosome Studies and Hematologic Disease - In con-

trast to the paucity of experimental data, there is an abun-
dance of reports on chromosome studies in exposed popula-
tions and of case reports on leukemia patients. The case
reports are particularly difficult to evaluate and compare.
Some individuals were exposed to benzene vapor above per-
missible levels,22 but in many cases the exposure levels
were unknown. The total periods of exposure ranged from
brief and acute to as long as 22 yeprs.z3 The times between

exposure and the development of disease or death also varied

greatly. Most of all, the endpoints of disease were not
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comparable. The various reports include diagnoses of acute
intoxication,22 death with massive bleeding and extramedul-
lary hematopoiesis,22 benzene leukemia,23 acute myeloid

. 24 i 25 T
luekemia, acute erythroblastosis, erythroleukemia, ac—

2L 2k acute lymphoblastic 1eukemia,29

quired aplastic anemia,
myelofibrosis, and chronic myelogenous leukemia.30 Chro-
mosome abnormalities have been present in industrial workers
in association with hematologic pathologyzl or pancyto-
penia.32

Prior blood transfusions, the use of PHA-stimulated
lymphocytes in some cases and bone marrow in others, and the
lack of chromosome breakage rates in controls also hamper
interpretatiog of the results of chromosome studies. Never-
theless, certain trends appear amid this mass of data.
Additional chromosomes weré identified in several cases,22'23'29’33
and in two cases the additional chromosome was identified as
a member of the C group. Both were cases of acute leukemia,
in which additional C-group chromosomes - usually number
8 - are frequently found;l6 therefore this does not, as one
reviewer suggested,34 constitute evidence of benzene eti-
ology. Persisﬁence of abnormal chromosomes long after
exposure and illness was also reported.35 Tetraploidy or
polyploidy was found in several instances.23’25'27'28

Increased chromosome breakage was reported but not well-

documented.
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Tt is important to emphasize that the cond stage of
exposure to benzene was as variable in alterations of the
karotype, or chromosome "package," as it was in clinical
manifestations. Indeed, the karyotypic changes may well
have reflected the disease state more than they reflected
the (presumed) inducing agents.

Occupational Exposures - The clearest picture of the

relationship between benzene exposure and chromosome changes
emerges not from experimental studies but from studies of
occupationally exposed workers. Tough and Court-Brown
observed unstable* chromosome damage in cultured lymphocytes
from workers exposed to benzene solvents.36 They and their
collaborators expanded the sta..ldy37 to include groups from
three factories and sex-matched controls. The first group
of 20 men had been exposed to benzene at factory A for
periods of 1 to 20 years and were tested 2 or 3 years after
exposure ended. The second group of 12 had worked periods
of 6 to 25 years in areas where benzene was present (factory
B) , the exposure ending approximately 4 years prior to the
study. The third group of 20 had worked for periods of 2 to
26 years in a closed distillation plant (factory €. In

each instance controls were selected from nonexposed indi-

* Unstable aberrations include open breaks, fragments, ring

and multicentric chromosomes, and exchange figures. Stable
aberrations include deletions, translocations, inversions,
trisomies, and other alterations of chromosome number.
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viduals in the same factories. Available measurer::nts of

- atmospheric benzene were 25 to 150 ppm in factories A and B
and approximately 12 ppm in factory C. The results indi-
cated significant increases in unstable aberrations in
exposed workers from factory A, in both exposed workers and
controls in factory B, and in neither group in factory C.
Furthermore, the exposed workers at factory A were older
than their controls, and the authors demonstrated signifi-
cant increases in aberrations in the general population with
increasing age.

Several other investigators ha?e reported increases in
chromosome breakage or in stable and unstable aberrations in
healthy workers.38_40 In one report39 the atmospheric
concentrations of benzene were less than 25 ppm. More
compelling results were obtained by Forni and co—workers,4l
who compared data on 34 workers in a rotogravure plant with
those of matched &ontrols. The group of workers was sub-
divided; 10 individuals had been exposed to benzene for
periods of 1 to 22 years (measurements of benzene in the
plant during a brief single period ranged from 125 to 532
ppm). These 10, with the remaining 24 workers, were then
exposed to toluene for periods up to 14 years at levels
ranging up to 824 ppm. The age- and sex-matched controls

had no history of exposure to either solvent. The findings
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in workers exposed only to toluene were not significantly
different from those in the controls, but the group that had
been exposed to benzene sﬂowed increases in both stable and
unstable chromosome aberrations (p < 0.0l1). Another study42
of 25 subjects who had recovered from clinical "benzene
hemopathy" indicated that increases in both types of aber-
rations persisted several yearé after cessation of exposure,
although there was some decrease in the proportion of un-
stable aberrations. Average values of unstable abnormal-
ities in the exposed group were 3 times greater than in the
controls, and of stable chromosome abnormalities, 30 times
greater.

Most of these industrial studies were systematic to
some degree, including controls and statistical evaluations
of results. These studies of workers from several European
countries all present similar results; that is, statisti-
cally significant increases in both numerical and structural
chromosome alterations in populations exposed to benzene.
PHA-stimulated lymphocytes showed both stable and unstable
chromosome changes in the absence of detectable alterations
of the bone marrow, and aneuploidy or polyploidy was re-
ported frequently. 1In studies where little or no clinical
symptomatology resulted from exposure, there was consid-

erable variation among individuals. For example, in Girard's
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and Forni'541 studies a few individuals withir. each benzene-
exposed group were responsible for the significantly higher
chromosome breakage rates in the exposed populations.
Moreover, it is clear that these changes persisted for many
yvears after exposure, particularly in persons who showed
clear evidence of clinical illness from benzene. The
persistence of damage has been likened to that occurring
after exposure to ionizing radiation. The few reported in-

stances of abnormal clone formation42'35

are important in
terms of possible leukemogenesis. There is no correlation,
however, between the degree or length of exposure to ben-
zene, the clinical symptoms, and the persistence or extent
of chromosomal aberrations.

Summar

The available documentation strongly suggests that
chromosome breakage and rearrangement can result from
exposure to benzene and that damage may persist in hemato-
poietic and lymphoid cells. The aberrations in human cells
appear nonspecific; that is, they are random within the
genome and unrelated to the aberrations associated with
various forms of leukemia. A dose-dependent relationship
between exposure to benzene and amount of chromosome damage

has not been demonstrated. Evidence that benzene causes

disturbance in DNA synthesis suggests that its mutagenic

30



action could involve interference with mitosis. Cytogenetic
analysis of anaphase and postmitotic damage has not been
evaluated adequately.

Theoretical considerations and some clinical observa-
tions suggest a relationship between chronic benzene ex-
posure, chromosome damage, and leukemia. Chromosomally
aberrant clones are typical of some but not all human leuke-
mias, and aberrant cells and clones have been observed in
individuals exposed to benzene who have later developed
leukemia. Many authors have suggested that the lack of an
observed dose-response relation in benzene-induced chro-
mosome damage is due to variation in individual suscepti-
bility. Some studies have recorded biological effects at
(chronic) exposure levels below 25 ppm. The report of a
recent intefnational workshop on the toxicology of benzene
has commented on this literature: "No dose-effect rela-
tionship has so far been demonstrated for benzene-induced
chromosome aberrations. In workers chronically exposed to
levels in the range of 5 to 25 ppm of benzene, both positive
and negative reports involve small numbers of workers and
confirmation of negative data is required on larger groups."
Increased susceptibility to chemical clastogens has been

found in human cancer syndromes that are genetically deter-

i
mined.4 The variable response to benzene may be attributed

(98]
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also to such possibilities as activation of virus, sup-
pression of immune surveillance, or cocarcinogenic activity
of other chemicals.

More detailed evaluation of the cytogenetic effects of
benzene will require definitive data on dose/response rela-
tionships, relating the frequency and severity of chromosome
damage to the amount and duration of benzene exposure. Both
clastogenic and antimitotic measures of chromosomal muta-
genicity should be evaluated. Benzene dosage should be
correlated with clinical effects as well as with the various
measures of chromosome damage. When an appropriate animal
model becomes available, the evolution and sequence of
chromosome changes with initiation and progression of leuke-

mia may become clear.
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